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- ABSTRACT 
The e lec t ronic  o s c i l l a t o r  strengths, f ,  f o r  t he  N 2  second pos i t ive  
and NZ f i r s t  negative systems were determined by measuring the  radia-  
t i o n  from the  shock layer  about a hypervelocity p ro jec t i l e  with a t i m e -  
- 
of- f l igh t  scanning spectrometer. 
bands were f = 0.057 kO.01 f o r  N2(2+) and f = 0.053 t-0.01 for Nz(1-1. 
The measured values a t  t h e  Av = 0 
The va r i a t ion  of 
similar t o  that previously reported by Nicholls. 
f with wavelength f o r  both systems w a s  found t o  be 
INTRODUCTION 
Measurements of radiant emission from shock-heated gases have 
(1) been demonstrated 
able  agreement with values obtained by electron beam exci ta t ion .  
previous s tudies  of rad ia t ion  f rom shock-heated gases, the  gas w a s  
energized by shock waves aenerated i n  shock tubes'.' The present i nves t i -  
ga t ion  u t i l i z e s  t h e  gas i n  t h e  shock layer  behind the  bow shock waves 
of small blunt models f ly ing  a t  hypersonic ve loc i t i e s  i n t o  nitrogen as 
t h e  source of radiat ion.  Continuously recorded spectra are obtained 
photoe lec t r ica l ly  by means of a time-of-flight scanning spectrometer 
t o  y ie ld  values of o s c i l l a t o r  strengths i n  reason- 
I n  (2) 
0 . , .  . 
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and reduced t o  obtain osc i l l a to r  strengths (f-numbers) f o r  t h e  N2 
# + second pos i t ive  C3xu - B3xg and N 2  f i rs t  negative - X2Z2 
systems. Nitrogen w a s  chosen as the t e s t  gas because of i t s  r e l a t i v e l y  
well-known thermodynamic and spectroscopic propert ies  as wel l  as i t s  
importance i n  atmospheric physics and as a contributor t o  t h e  radia-  
t i v e  heating of vehicles entering planetary atmospheres a t  hypersonic 
speeds. 
c 
EXPERIMENTAL TECHNIQUE 
The models were lauched f romthe  two-stage shock-heated 0.28- 
ca l ibe r  l ight-gas gun of t he  p i l o t  hy-pervelocity f r ee - f l i gh t  f a c i l i t y  
a t  t h e  NASA, Ames Research Center.  
sketched i n  Fig.  1. 
maldehyde p l a s t i c .  
dynamic heating of t h e  models was such t h a t  t h e  aluminum surface remained 
r e l a t i v e l y  cool, whereas t h e  surface of t h e  p l a s t i c  model ablated.  
ever, as there  was no measurable difference i n  t h e  data  obtained with 
The experimental setup i s  
The models were made of aluminum or a polyfor- 
Because of t h e  short  f l i g h t  dis tance t h e  aero- 
How- 
t h e  two d i f fgren t  model materials,  t h e  p l a s t i c  models were used more 
extensively since they were eas ie r  t o  launch successful ly .  
t o  t h e  time-of - f l i gh t  scanning spectrometer (described below) t h e  
instrumentation included shadowgraph s t a t ions  and e lec t ronic  counters 
I n  addi t ion 
t o  obtain t h e  ve loc i ty  and a t t i t ude  of t h e  model and an Abtronics 2HS 
image-converter camera. Relatively broad-band radiometers, each con- 
s i s t i n g  of a mul t ip l ie r  phototube f i t t e d  with entrance and collimating 
s l i ts  and a band-pass f i l t e r ,  were used as a check on t h e  over-al l  l e v e l  
of r ad ia t ion  seen by the  scanning spectrometer . 
b 
- 
~~ ~~ ~~ 
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~ allowed crude determination of the s p a t i a l  d i s t r ibu t ion  of rad ia t ion  
i n  t h e  flow f i e l d .  The use of such broad-band devices i s  described by 
~ 
(4) Craig and DaSy. 
Samples of t h e  nitrogen were taken immediately pr ior  t o  shooting 
and analyzed w i t h  a C.E.C. 21620 mass spectrometer. Typically, t h e  
~ 
contaminants, oxygen, argon, and water vapor,were held t o  t r a c e  amounts 
and never exceeded 0.2 percent. 
. _ _  -- 
TIME -OF -FLIGHT SCANNING SPECTROMZTER 
I Spectra were obtained photoelectr ical ly  by means of a time-of- 
f l i g h t  scanning spectrometer.* 
F ig .  2.  
This device i s  shown schematically i n  
A s  t he  model f l i e s  by i n  the foca l  plane of t h e  col lect ing 
mirror, t he  luminous gas cap a c t s  as a moving entrance s l i t ,  sweeping 
out the spectrum of t h e  shock-heated gas on t h e  e x i t  s l i t .  (That t h e  
gas cap is  t h e  only source of radiat ion i n  the  flow f i e l d  and i s  indeed 
s l i t l i k e  i n  form i s  shown i n  a typ ica l  image-converter photograph of a 
p l a s t i c  model and i n  a typ ica l  oscillogram of a broad-band radiometer 
(Fig.  3 )  .) The energy passing through the  e x i t  s l i t  of scanning 
spectrometer i s  divided; 93 percent passes through a s p l i t t e r  p l a t e  
and on t o  the  cathode of an RCA ~ 2 8  mult ipl ier  phototube. The output 
of t h i s  mul t ip l ie r  phototube i s  recorded on an oscil loscope and yields  
a continuously recorded spectrum over a wavelength range d ic ta ted  
mainly by t h e  geometry of t he  system. 
wor.,, t h e  wavelength range w a s  as a rule from 0.290 t o  0.430 p. 
Figure 4(a) shows a t y p i c a l  oscillogram. 
For t h e  t e s t s  reported i n  this  
The remaining 5 percent of 
%e concept for such a device appears t o  have originated with E .  L .  
( 5 )  Woodcock and B. Jones. 
. 
,, . 
* 
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t h e  energy passes through a narrow-band interference f i l t e r  (100 A 
half  width) and onto a Dumont 6933 mult ipl ier  phototube. 
of t h i s  s ide band i s  displayed on an oscilloscope which has been t r i g -  
The output 
gered so as t o  start  sweeping simultaneously w i t h  t h e  oscil loscope 
which records t h e  spectra .  The side-band oscillogram thus allows a 
spec i f i c  wavelength t o  be transposed t o  t h e  oscillogram displaying t h e  
spectra .  
shot t o  shot t o  +loft. 
Such wavelength t ransposi t ion w a s  found t o  be repeatable from 
The time-of-flight scanning spectrometer w a s  constructed by 
modifying a Farrand uv-vis f /3.5 grating monochromator. A l a rge  
opening w a s  cut i n  t h e  monochromator housing i n  t h e  region of t h e  
entrance s l i t  and t h e  col lect ing mirror w a s  replaced by a spherical  
mirror which focused a t  t h e  center of t he  t e s t  chamber. 
new col lec t ing  mirror w a s  masked down t o  a rectangular s l o t  t o  improve 
depth of f i e l d  and t o  insure uniform il lumination of t h e  gra t ing .  The 
r ise time of t h e  complete system was 23 nanoseconds and w a s  d i c t a t ed  
by the oscilloscope. 
Further, the 
CALIELRATION 
Wayelength ca l ibra t ion  of the spectrometer w a s  accomplished with 
a mercury lamp and appropriate color f i l t e rs ,  both on a bench and i n  
t h e  t e s t  sect ion.  The complete opt ical  t r a i n  w a s  ca l ibra ted  with a 
tungsten ribbon filament lamp which had been previously compared with 
a primary standard supplied by the  National Bureau of Standards.  
The ca l ib ra t ion  curve f o r  t h e  complete op t i ca l  t r a i n  i s  shown i n  Fig.  k(b) .  
(4 
The ca l ib ra t ion  was checked before and a f t e r  each s e r i e s  of experiments. 
t *. 
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Time -bf -f l i g h t  scanning spectrometer oscillograms were obtained 
f o r  a range of model ve loc i t i e s  of from 4.6 t o  3.8 km/sec and ambient 
dens i t ies  of 0.07 t o  0.2 amagat. The calculated equilibrium tempera- 
t u r e s  throughout t h e  shock layer  ranged from 6000' t o  7700° K. A 
t y p i c a l  oscillogram i s  shown i n  Fig. )+(a), and Fig.  4(c)  shows t h i s  
oscillogram reduced t o  absolute levels  through t h e  ca l ib ra t ion  curve 
(Fig.  4 ( b ) ) .  The wavelength scale on the  oscillogram i s  nonlinear 
because t h e  model f l i e s  on a tangent t o  the  foca l  plane of the co l lec t ing  
mirror and because of s l i g h t  nonl inear i t ies  i n  t h e  oscil loscope horizontal  
sweep. 
ducible.  
Results such as shown i n  Fig. 4(c)  were found t o  be qui te  repro- 
The wavelengths of t h e  peaks were repeated t o  within + l O A  over 
t h e  e n t i r e  range of experiments o r  a t  about t h e  l i m i t  of accuracy for 
reading t h e  oscillogram. In  addition two shots a t  almost i d e n t i c a l  
f l i g h t  conditions gave r e s u l t s  which agreed within 10 percent i n  absolute 
l e v e l s  of radiat ion.  
The peak values of radiant i n t ens i ty  were never grea te r  than 
1 percent of an equivalent black body, calculated at an average shock- 
layer temperature, so se l f  -absorptiori could be neglected. 
CALCULATIONS 
The e lec t ronic  o s c i l l a t o r  strengths were determined by f i t t i n g  
t h e  reduced experimental spectra  t o  theo re t i ca l  spectra  which were 
calculated assuming t h e  electronic  osc i l l a to r  strengths were unity. 
The ca lcu la t ion  consis ts  of several steps:  first,  calculat ing the 
t-. 
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rad ia t ion  per un i t  volume a t  every point i n  the  shock layer ;  then 
# in tegra t ing  over those portions of the shock layer  which can be seen 
by t h e  spectrometer. If t h e  radiat ing gas may be assumed t o  be both 
op t i ca l ly  t h i n  and everywhere i n  loca l  thermodynamic equilibrium, t h e  
only unknowns are t h e  o s c i l l a t o r  strengths of t h e  various rad ia t ing  
systems. The d e t a i l s  of these steps a re  described below. 
Radiation per  Unit Volume 
There a re  several  method proposed f o r  computing t h e  rad ia t ion  
per  u n i t  volume from a hot gas .  (7,8y3j10) The method chosen for use 
here was t h a t  of W i l l i a m s  and T r e a n ~ r , ( ~ )  which has the  advantage of 
being both straightforward and i n  a form which allows f o r  extremely 
rap id  calculat ion with a large d i g i t a l  computer. I n  addition, t h e  
assumptions and inherent precis ion of t h e  Williams and Treanor method 
are compatible with the  experiments reported herein.  
W i l l i a m s  and Treanor assume tha t  the  shape of an e lec t ronic-  
v ib ra t iona l  band may be adequately represented by an averaged 
branch; t h a t  ' i s ,  they choose N = 0, and take J, the  ro t a t iona l  quan- 
t u m  number, as a continuous var iable .  
absorption coeff ic ient  k, t v i t  of the  form 
Q 
This leads t o  a value of the 
where 
t i o n  of t h e  pa r t i cu la r  v ibra t iona l  t r ans i t i on  v'-v", v i s  t h e  wave 
number, v:tvll i s  t h e  band head wave number, and and are the  
r o t a t i o n a l  constants for t he  lower and upper e lec t ronic  levels ,  respec- 
t i v e l y .  
C ( V ' V ~ ~ )  i s  a quantity, independent of J, whose value i s  a func- 
The i n t e g r a l  of t h e  absorption coef f ic ien t  over a s ingle  l i n e  
b 
, .. 
. %  . .  
c 
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i s  wri t ten 
where N 2  i s  number of rcolecules i n  the absorbing s t a t e  and f v : v I 1  
i s  t h e  v ibra t iona l  o s c i l l a t o r  strength.  Integrat ing Eq. (1) gives . 
NZ 
functions f o r  rotat ion,  vibrat ion,  and e lec t ronic  exc i ta t ion  a re  knoim, 
and thus C(v'v'') rray be evaluated if f v t V f l  i s  known, i f  Eq. (2)  i s  
equated with Eq. ( 3 ) ;  ; i V t v i i  
absorption coef f ic ien t  a t  any wave number i s  then equal t o  the 
s m e d  over a l l  bands which contribute a t  t h a t  wave number. 
rmy be calculated since t h e  density, temperature, and t h e  p a r t i t i o n  
may then be calculated from Eq. (1). The 
kvrvll 
For a band 
system degraded t o  the  v io le t ,  
k =  kv :vl l  (4) 
and t h e  rad ia t ion  per unit  volume from an op t i ca l ly  t h i n  gas i s  
where n i s  t h e  number density of radiat ing molecules, Bh i s  the  
black-body in tens i ty ,  and k: i s  the apparent absorption coeff ic ient ;  
t h a t  is, 
present,  t h e  t o t a l  rad ia t ion  a t  any vavelenkth i s  t'ne sum of 
k' = k [ l  - exp(  -hcv/kT)]. I f  more than one band system i s  
Ih f o r  
each system. 
I n  t h e  present work the ro ta t iona l  and v ibra t iona l  constants were 
obtained from Herzberg (11) and the  f r ac t ion  of nolecules i n  t h e  various 
e lec t ronic  states w a s  taken from Gilmore (12) . 
obtaining f v : v I f  i s  discussed i n  d e t a i l  below. 
The p r o c e h r e  for 
- 8 -  
Radiation Observed 
If t h e  rad ia t ing  gas i s  opt ica l ly  th in ,  t he  rad ia t ion  a t  a given 
wavelength deduced from measurements l i k e  those i n  t h e  present tes ts  
may be wr i t ten  
EA( watts/p) = R+6(e :,"",'pIh( r ,e ,q)F(e ,cp)~? s i n  e d r  de dcp (6) 
0 0  
Figure 5 shows the  c'oordinate system; F(0,cp) i s  the  f r a c t i o n  of t h e  
volume not blocked from observation by t h e  model. 
with zero angle of a t tack  the  flow f i e l d  i s  axisymmetric, s o  
not a function of t he  azimuth angle c p .  Calculating IA as a funct ion 
of r and 8 
f i e l d  behind t h e  bow shock. 
densi ty  and temperature f i e l d s  a re  becoming avai lable  f o r  ce r t a in  types 
of simple bodies,(13) these methods are ,  i n  general, long and expensive, 
and it w a s  f e l t  t h a t  such "exact" calculatidns would add l i t t l e  t o  t h e  
For a model f ly ing  
IA is  
requires a knowledge of t he  complete densi ty  and temperature 
While methods f o r  calculat ing inv isc id  
accuracy of t h e  f i n a l  r e s u l t s  desired here .  
approximate procedure w a s  applied.  The shock layer  was assumed invisc id .  
The shock envelope w a s  assumed spherical  bu tno t  concentric with t h e  body 
( c f .  F ig .  61, and a correlat ion suggested by Seiff  (14) w a s  used t o  
ca lcu la te  the shock standoff distance.  
Instead t h e  following 
Shadowgraphs obtained Curing 
t h e  t e s t s  proved t h e  l a t t e r  two assumptions qui te  adequate. 
shadovgraph i s  shown i n  Fig.  6 .  
A t y p i c a l  
If t h e  nitrogen shock t ab le s  of Ahtye and Peng (15) a r e  combined 
w i t h  the t ab le s  of species d is t r ibu t ion  found i n  Treanor and Logan, (16) 
t h e  temperature, density, species d is t r ibu t ion  and, hence, r aa i a t ion  
per  u n i t  volume can be calculated f o r  the gas immediately behind the bow 
- 9 -  
shock as a function-of 8 .  Further, assuming isentropic  flow f o r  t h e  
dividing streamline and calculating the  pressurs d i s t r ibu t ions  by t h e  
permits t h e  rad ia t ion  from t h e  f l u i d  adjacent 
(17) 
method of Kaattari 
t o  t h e  body t o  be calculated as a function of 8 .  Then I h ( 8 )  i s  taken 
as t h e  mean of t h e  values calculated a t  8 behind t h e  shock and a t  
t h e  body. Since the  var ia t ion  of radiat ion per un i t  volume between 
t h e  shock and the  body a t  any given 8 
such a l i n e a r  approximation would seem reasonable. 
w a s  never more than 20 percent, 
The va r i a t ion  of 
Ih with 8 can be measured by the experimental technique described 
by Givens, e t  a l .  (18) 
The above calculat ion procedure was followed a t  each band head 
un t i l  a complete spectrum w a s  obtained over t he  range of wavelength 
covered by the  experiment. 
Osc i l la tor  Strengths 
The v ibra t iona l  or band osc i l l a to r  s t rength f v t V l r  may be wr i t ten  
i n  terms of t h e  e lec t ronic  osc i l l a to r  s t rength (10) f 
f V t V l l  = fqV?VI1 
(19) or t h e  e lec t ronic  t r a n s i t i o n  nonext Re 
where qVtVr~ 
fac to r ,  R, i s  t h e  Rydberg constant f o r  i n f i n i t e  mass, e 
of the electron,and a, i s  the  radius of the  first Bohr o r b i t .  Further, 
f and R, 
upon internuclear  separation. This dependence i s  usual ly  expressed by 
an experimentally determined var ia t ion  of Re with t h e  r-centroid (F) 
i s  t h e  square of t h e  overlap in t eg ra l  or Franck-Condon 
i s  t h e  charge 
may be f m c t i o n s  of wavelength because of t h e i r  dependence 
. .  
L c 
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where +,I and a re  t h e  v ibra t iona l  vave functions of t h e  v' and vl '  
l eve ls ,  respectively,  and r i s  t he  internuclear  separation. 
I n  order t o  ex t rac t  meaningful values of f or Re, it i s  necessary 
Nicholls (20) has t o  have accurate values of t h e  Franck-Condon f a c t o r s .  
calculated Franck-Condon f ac to r s  for t h e  N 2 ( 2 i )  and Nz( 1-1 systems, 
assuming a Morse po ten t i a l .  For the  N2(2+) system the  qvtV" seem 
sa t i s fac tory .  On t h e  other hand, f o r  t he  N;(l-) system the  qvtvii 
calculated using a Morse poten t ia l  a r e  suspect considering t h e  anoma- 
lous shape of t h e  po ten t i a l  curve of t he  B state of the N: mole- 
cuie.*(21) For t h e  present work f for t h e  N=(l-) system w a s  calcu- 
(2.1 reported by Nicholls, l a t ed  using t h e  experimental values of fv rvll  
normalized by h i s  value of f v t v l l  a t  t h e  0-0 
Franck-Condon fac tor (20)  only a t  the 0-0 band 
Nicholls * experimentally determined va r i a t ion  
band and using Nicholls '  
This procedure r e t a ins  
of f with wavelength 
f o r  Nz(l-) without re l iance on the  l e s s  accurate values of qvtvii- 
The e lec t ronic  o s c i l l a t o r  strengt'ns a t  t h e  Av = 0 bands of both 
systems were obtained by f i t t i n g  the  calculated spectra  t o  t h e  experi-  
mental spectra  by natching the  areas under t h e  rad ia t ion  per uni t  wave- 
length versus wavelength curves; t ha t  is, 
t *. 
*I a m  indebted t o  Y i s s  M. W i l l i a m s  f o r  bringing t h i s  t o  my a t t en t ion .  
- 11 - 
P 
+. . 
where Wh i s  the  absolute experimental i n t ens i ty .  This procedure 
leads t o  an unambiguous evaluation of the f-numbers a t  CN = 0 as the  
Av = 0 bands of t he  two systems are not overlapping t o  any appreciable 
ex ten t .  Further, f o r  the  N2(2+)  system, an experimental va r i a t ion  of 
f with wavelength was'determined by s imi la r ly  f i t t i n g  the  remaining 
bands. Figure 7 shows the  comparison of the  calculated spectra  with 
t h e  experimental spectra  and it i s  seen t h a t  the' agreement i s  qui te  
good throughout t h e  spec t r a l  range covered. 
A basic assumption i n  the theo re t i ca l  calculat ions used here i s  
t h a t  the  gas i n  the  shock layer  i s  i n  complete thermo-chemical equi- 
l ibrium. 
and b a l l i s t i c  ranges(3) t h a t  under ce r t a in  circumstances the  rad ia t ion  
(23) It has been found i n  previous s tudies  both i n  shock tubes 
8 
observed may be considerably enhanced by rad ia t ion  from the  nonequilib- 
rim relaxat ion zone behind the  shock f r o n t .  The p o s s i b i l i t y  of an 
appreciable noneqcilibrium contribution w a s  invest igated by varying 
t h e  ambient densi ty .  I n  the  reduction procedure used here, the  non- 
equilibrium radia t ion  would show up as an erroneously la rge  
t h e  value of which should approach the  correct 
s i t y  i s  increased. Such va r i a t ion  of apparent f number with densi ty  
w a s  discovered and i s  shown i n  Fig.  8, where the  apparent 
i s  p lo t t ed  as a function of the calculated equilibrium densi ty  immediately 
behind the bow shock a t  8 = 0.  It i s  seen t h a t  t he  f number of both 
systems leve ls  off t o  a constant value a t  dens i t i e s  grea te r  than about 
0.9 amagat, indicat ing t h a t  t h e  assumption of equilibrium i s  v a l i d  
only at  the  grea te r  dens i t i e s .  
f number, 
f number as the  den- 
f number 
.. . 
- J-2 - 
The f numbers a t  t he  nV = 0 band determined i n  t h i s  manner 
+ 
are f = 0 . 0 3 3  k0.01 for t he  N z ( 1 - 1  system and f = O.037C0.01 
for t h e  N2(2+) system. 
uncer ta in t ies  i n  ca l ibra t ion  and in  t h e  various flow-field approximations. 
The limits of error a re  estimated from t h e  
Table I compares the  f numbers i n  the  present work with those 
The Bennett and Dalby r e s u l t  has been reported i n  t h e  l i t e r a t u r e .  
scaled t o  the  0-0 band a s  i n  reference (22) so  as t o  a l l o w  d i r ec t  com- 
parison with t h e  present work. 
i n  qui te  reasonable agreement with those of other workers despi te  con- 
s iderable  var ia t ions  i n  experimental technique. 
b e t t e r  than it appears s ince the shock-tube r e s u l t s  have been reported 
a s  upper limits (lS) and any possible systematic e r r o r  i n  t h e  electron 
beam experiment due t o  cascading e f f ec t s  vould cause the  
reported by Bennett and Dalby t o  be low. 
The r e s u l t s  given here are seen t o  be 
This agreement i s  even 
f number 
The measured va r i a t ion  of the square of t h e  t r a n s i t i o n  moment with 
N2(2+) i s  shown e x p l i c i t l y  i n  Fig.  9 .  t h e  r-centroid f o r  The agree- 
ment with t h e  var ia t ion  given by Nicholls (22) i s  good. The points  of 
t h e  other workers are taken d i r ec t ly  from the  a r t i c l e  of Keck, e t  a l .  (1s) 
and the  r-centroids a r e  from Wallace and Nicholls. (24) 
CONCLUDING REMARKS 
The technique of observing the  rad ia t ing  gas cap of a hypersonic 
p r o j e c t i l e  with a time-of-flight scanning spectrometer has been shown 
t o  y ie ld  quant i ta t ive molecular spectra consistent with previous r e s u l t s  
which were obtained with more conventional methods. The advantages of 
the method used here are very high signal-to-noise r a t io ,  r e l a t i v e l y  
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good resolution, and a continuously recorded spectrum.* The main 
disadvantage l i e s  i n  the  lack of complete knowledge of t he  source of 
radiat ion,  t h a t  is ,  t h e  hmersonic shock layer .  
undoubtedly our knowledge of t he  de t a i l s  of t he  flow f i e l d  within the  
shock layer  w i l l  improve and thus add t o  t h e  precis ion of t h e  method 
reported here.  
A s  time goes on, 
I should l i k e  t o  acknowledge tine contributions of Messrs. W i l l i a m  
A .  Page, Roger A.  Craig, a id  William C .  Davy, who par t ic ipa ted  i n  t h e  
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Woodward and John Paterson, who ass i s ted  i n  the  programming; and Warren 
Norman, who operated the  b a l l i s t i c  range. 
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correspondence. 
*Recently a technique has been presented using a scanning spec'irom- 
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e t e r  with a shock tube which a l s o  yields  a continuously recorded spectrum. 
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Invest igat ion System f Exci ta t ion Technique 
Bennett and Dalby N2+( 1-) 0.0438 k O  .002 Electron beam 
t*. 
Allen, e t  a l .  
Keck, e t  a l .  
Present work 
~ ~ ( 2 + )  0.0425 +o -003 
N2'(1-) 0.09 ko.o>* Shock tube 
N 2 ( 2 + )  0.007 i0.05 Shock tube 
~~+(l-) 0.053 ta.01 Hypersonic 
~ ~ ( 2 ; )  0.057 k O . 0 1  
p r o j e c t i l e  
*It has been observed ( 2 6 )  t h a t  a value or" f = 0.06 would be a b e t t e r  
f i t  t o  data presented i n  Ref. (1) 
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ABSTRACT 
. The e lec t ronic  o s c i l l a t o r  strengths, f ,  f o r  t h e  N2 second pos i t ive  
, and N: f i rs t  negative systems were determined by measuring the  radia-  
t i o n  from the  shock layer  about a hypervelocity p ro jec t i l e  with a time- 
o f - f l i gh t  scanning spectrometer. 
bands were f = 0.037 20.01 f o r  N2(2+) and f = 0.053 20.01 f o r  N2(1->. 
The measured values a t  t h e  Av = 0 
The var ia t ion  of 
similar t o  that previously reported by Nicholls. 
f with wavelength for both systems w a s  found t o  be 
INTRODUCTION 
Measurements o r  radiant emission from shock-heated gases have 
(1) been demonstrated t o  y ie ld  values of o s c i l l a t o r  strengths i n  reason- 
I n  ab le  agreement with values obtained by electron beam exci ta t ion .  
previous s tudies  of rad ia t ion  from shock-heated gases, t he  gas w a s  
energized by shock waves generated i n  shock tubes.  
ga t ion  u t i l i z e s  t h e  gas i n  t he  shock layer  behind the  bow shock waves 
of small blunt models f ly ing  a t  hypersonic ve loc i t i e s  i n t o  nitrogen as 
t h e  source of radiat ion.  Continuously recorded spectra a re  obtained 
photoe lec t r ica l ly  by means of a time-of-flikht scanning spectrometer 
(2) 
The present i nves t i -  
*Research Sc ien t i s t  
N * - 2  - 
and reduced t o  obtaln osc i l l a to r  s t rengths  (f-numbers) f o r  t h e  N2 
second posi t ive C3nu - B3ng and N2 f i r s t  negative - X2Zi 
systems. 
+ 
Nitrogen was chosen as the  t e s t  gas because of i t s  r e l a t i v e l y  
well-known thermodynamic and spectroscopic propert ies  as w e l l  as i t s  
importance i n  atmospheric physics and as a contributor t o  t h e  radia-  
t i v c  heating of vehicles entering planetary atmospheres a t  hypersonic 
speeds. 
EXPF-BIMENTAL TECHNIQUE 
The models were lauched f romthe  two-stage shock-heated 0.28- 
ca l iber  l ight-gas gun of t he  p i l o t  hy-pervelocity f r ee - f l i gh t  f a c i l i t y  
a t  t h e  NASA, Ames Research Center. ‘3’ The experimental setup i s  
sketched i n  Fig.  1. The models were made of aluminum or a polyfor-  
maldehyde p l a s t i c .  Because of t h e  short  f l i g h t  dis tance t h e  aero- 
dynamic heating of t h e  models was such t h a t  t h e  aluminum surface remained’ 
r e l a t i v e l y  cool, whereas t h e  surface of the p l a s t i c  model ablated.  How- 
ever, as there  w a s  no measurable difference i n  the  data  obtained with 
t h e  two d i f f e ren t  model materials, the p l a s t i c  models were used more 
t.. 
extensively since they were eas i e r  t o  launch successful ly .  
t o  t h e  time-of - f l i gh t  scanning spectrometer (described below) the  
instrumentation included shadowgraph s ta t ions  and e lec t ronic  counters 
I n  addi t ion 
t o  obtain t h e  ve loc i ty  and a t t i t u d e  of t he  model and an Abtronics 2HS 
isAge -converter camera. Relatively broad-band radiometers , each con- 
s l i t s  and a band-pass f i l t e r ,  were use2 as a check on the  over -a l l  l e v e l  
of r ad ia t ion  seen by the scanning spectrometer. The radiometers a l s o  
v 
- 3 -  
alloved crude determination of t h e  s p a t i a l  d i s t r ibu t ion  of rad ia t ion  
i n  t h e  flow f i e l d .  
Craig and Davy. 
The use of such broad-band devices i s  described by 
* -  (4) 
Samples of t he  nitrogen were taken immediately p r io r  t o  shooting 
and analyzed with a C . E . C .  21620 mass spectrometer. 
contaminants, oxygen, argon, and water vapor,were held t o  t r a c e  amounts 
Typically, t h e  
and never exceeded 0.2 percent. 
TIME-OF -FLIGHT SCANNING SPECTROMETER 
Spectra were obtained photoelectr ical ly  by means of a time-of - 
f l i g h t  scanning spectrometer.* 
F ig .  2. 
mirror, t he  luminous gas cap a c t s  as a moving entrance s l i t ,  sweeping 
out t h e  spectrum of t h e  shock-heated gas on t h e  e x i t  s l i t .  (That t h e  
This device i s  shown schematically i n  . 
A s  t he  model f l i e s  by i n  the foca l  plane of t h e  co l lec t ing  
b 
gas cap i s  the  only source of radiat ion i n  t h e  flow f i e l d  and i s  indeed 
s l i t l i k e  i n  form i s  shown i n  a typ ica l  image-converter photograph of a 
p l a s t i c  model and i n  a typ ica l  oscillogram of a broad-band radiometer 
(Fig.  3 )  . ) The energy passing through the  e x i t  s l i t  of scanning 
spectrometer i s  divided; 95 percent passes through a s p l i t t e r  p la te  
and on t o  t h e  cathode of an RCA 2228 mult ipl ier  phototube. The output 
of t h i s  mul t ip l ie r  phototube i s  recorded on an oscilloscope and yields  
. .  
a coiitinuously recorded s p e c t r m  over a vziveler!!th range d ic ta ted  
Figure 4(a) shows a t y p i c a l  oscillogram. The remaining 5 percent of 
++The concept f o r  such a device appears t o  have or iginated with E .  L.  
( 5 )  Woodcock and B. Jones. 
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t h e  energy passes through a narrow-band interference f i l t e r  (100 A 
half  width) and onto a Dumont 6935 mult ipl ier  phototube. 
of t h i s  s ide band i s  displayed on an oscilloscope which has been t r i g -  
gered so  as t o  start sweeping simultaneously with t h e  oscil loscope 
which records t h e  spectra .  
spec i f ic  wavelength t o  be transposed t o  t he  oscillogram displaying t h e  
spectra .  
shot t o  shot t o  +lOA. 
The output 
The side-band oscillogram thus allows a 
Such WaveJength t ransposi t ion w a s  found t o  be repeatable from 
The time-of - f l igh t  scanning spectrometer w a s  constructed by 
modifying a Farrand uv-vis f/3.5 grating monochromator. A la rge  
opening w a s  cut i n  t h e  monochromator housing i n  the  region of the 
entrance s l i t  and the  col lect ing mirror w a s  replaced by a spherical  
mirror which focused at t h e  center of t h e  tes t  chamber. 
new col lec t ing  mirror was masked down t o  a rectangular s l o t  t o  improve 
depth of f i e l d  and t o  insure uniform il lumination of t h e  gra t ing .  The 
rise t i m e  of t h e  complete system was 25 nanoseconds and w a s  d i c t a t ed  
by t h e  oscil loscope. 
Further, t h e  
CALIBRATION 
- _  wavelength ca l ibra t ion  of the spectrometer w a s  accomplished w i t h  
a mercury lamp and appropriate color f i l t e r s ,  both on a bench and i n  
the t e s t  sect ion.  The complete opt ica l  t r a i n  w a s  ca l ibra ted  with a 
tungsten ribbon filament lamp which had been previously compared with 
a primary standard supplied by the National &eau of Standards.  
The ca l ibra t ion  curve f o r  t he  complete opt ica l  t r a i n  i s  shown i n  Fig.  4 ( b ) .  
The ca l ib ra t ion  w a s  checked before and a f t e r  each series of experiments. 
(6 1 
-- 
I . 
Time -of -f l i g h t  scanning spectrometer oscillograms were obtained 
f o r  a range of model ve loc i t i e s  of from 4.6 t o  5.8 km/sec and ambient 
dens i t ies  of 0.07 t o  0.2 amagat. The calculated equilibrium tempera- 
tu res  throughout the shock layer  ranged f r p m  6000' t o  7700° K. 
t yp ica l  oscillogram i s  shown i n  Fig.  &(a) ,  and Fig. 4( c )  shows t h i s  
oscillogram reduced t o  absolute levels  through the  ca l ibra t ion  curve 
(Fig.  4 ( b ) ) .  
because t h e  model f l i e s  on a tangent t o  the  foca l  plane of t h e  co l lec t ing  
mirror and because of s l i g h t  nonl inear i t ies  i n  t h e  oscil loscope horizontal  
sweep. 
ducible.  
t h e  e n t i r e  range of experiments or at  about t he  l i m i t  of accuracy f o r  
reading t h e  oscillogram. In  addition two shots a t  almost i den t i ca l  
f l i g h t  conditions gave r e s u l t s  which agreed within 10 percent i n  absolute 
l eve l s  of radiat ion.  
A 
The wavelength scale  on the  oscillogram i s  nonlinear 
Results such a s  shown i n  Fig. 4(c)  were found t o  be qu i te  repro- 
The wavelengths of t he  peaks were repeated t o  within klOA over 
The peak values of radiant i n t ens i ty  were never grea te r  than 
1 percent of an equivalent black body, calculated at an average shock- 
layer  temperature, so  self-absorption could be neglected. 
CALCULATIONS 
The e lec t ronic  o s c i l l a t o r  strengths were determined by f i t t i n g  
t h e  reduced experimental spectra t o  theo re t i ca l  spectra which were 
calculated assuming t h e  electronic  osc i l l a to r  strengths were uni ty .  
The ca lcu la t ion  cons is t s  of several  steps:  first, calculat ing the 
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rad ia t ion  per un i t  volume a t  every point i n  t h e  shock layer;  then 
integrat ing over those portions of t he  shock layer  which can be seen 
by t h e  spectrometer. If the  radiat ing gas may be assumed t o  be both 
op t i ca l ly  t h i n  and everywhere i n  loca l  thermodynardc equilibrium, t h e  
only unknowns a r e  the  osc i l l a to r  strengths of t h e  various rad ia t ing  
sys+.ems. The d e t a i l s  of these s teps  are  described below. 
Radiation per Unit Volume 
There are several  method proposed f o r  computing the  rad ia t ion  
per u n i t  volume from a hot gas .  (7,8J9j10) The method chosen f o r  use 
here w a s  t h a t  of W i l l i a m s  and T r e a n ~ r , ( ~ )  which has the  advantage of 
being both straightforward and i n  a form wh;ch allows f o r  extremely 
rapid calculat ion with a large d i g i t a l  computer. I n  addition, t h e  
assumptions and inherent precision of t h e  Williams and Treanor method 
a r e  compatible with the  experiments reported herein.  
Williams and Treanor assume t h a t  the  shape of an e lec t ronic-  
v ibra t iona l  band may be adequately represented by an averaged 
branch; t h a t  is, they choose N = 0, and take  J, the  ro t a t iona l  quan- 
tum number, as a continuous var iable .  
absorption coef f ic ien t  Q l v t ~  of t h e  form 
Q 
t . 
This leads t o  a value of t he  
where C(v'v'') i s  a quantity, independent of J, whose value i s  a func- 
t i o n  of t h e  pa r t i cu la r  vibrat ional  t r a n s i t i o n  v'-vT1, Y i s  t h e  wave 
number, vvrvll i s  t h e  band head wave number, and E(! ar,d a r e  t h e  
ro t a t iona l  constants f o r  t h e  lower and upper e lectronic  levels ,  respec- 
t i v e l y .  
0 
The in t eg ra l  of the  absorption coef f ic ien t  over a s ingle  l i n e  
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i s  wr i t ten  
where N2 i s  number of molecules i n  the  absorbing s t a t e  and f v i v l l  
i s  t h e  v ibra t iona l  o s c i l l a t o r  s t rength.  In tegra t ing  Eq. (1) gives 
J h ; v l d v  =Ct(vrv l ' ) )  E$ - %1(2 J + 1) exp[-B;J(J + l)hc/kT] ( 3 )  
N 2  
functions f o r  rotat ion,  vibration, and e lec t ronic  exc i ta t ion  are known, 
and thus C(v'vl') may be evaluated i f  f v t v l l  i s  known, i f  Eq. (2)  i s  
equated with Eq. (3) ;  & ; v ~ ~  
may be calculated since the  density, temperature, and t h e  p a r t i t i o n  
may then be calculated from Eq. (1). The 
absorption coef f ic ien t  a t  any wave number i s  then equal t o  t h e  
s&ed over a11 bands which contribute s.t t h a t  wave number. For a band 
kvrvfr 
system degraded t o  the v io le t ,  
k =  k, 1 ~ 1 1  (4) 
and t h e  rad ia t ion  per  un i t  volume from an op t i ca l ly  t h i n  gas i s  
where n i s  t h e  number density of rad ia t ing  molecules, Bh i s  t h e  
black-body in tens i ty ,  and k'  i s  the apparent absorption coeff ic ient ;  
t h a t  is, 
present, t h e  t o t a l  rad ia t ion  at any wavelength i s  t h e  sum of 
. 
k r  = k [ l  - exp(  -hcv/kT)]. If more than one band system i s  
b 
Ih f o r  
each system. 
I n  t h e  present work the  ro ta t iona l  and v ibra t iona l  constants were 
obtained from Herzberg (11) and t h e  f r ac t ion  of molecules i n  t h e  various 
e lec t ronic  states w a s  taken from Gilmore (12) . 
obtaining f v i v l l  i s  discussed i n  d e t a i l  below. 
The procedure for 
- a -  
Radiation Observed 
If t h e  rad ia t ing  gas i s  opt ica l ly  th in ,  t h e  rad ia t ion  a t  a given 
wavelength deduced from measurements l i k e  those i n  the  present tes ts  
may be wr i t ten  
R + 6 ( 0 )  0 25r 
Eh(wa t t s /~ )  =l IA(r ,8 , (3)F(o , (3)~  s i n  8drdedcp (6)  
0 0  
Figure 3 shows the  coordinate system; F(B,g) i s  t h e  f r ac t ion  of t he  
volume not blQcked from observation by t h e  model. For a model f ly ing  
with zero angle of a t tack  the  f l o w  f i e l d  i s  axisymmetric, s o  
not a function of t he  azimuth angle (3. Calculating I h  as a funct ion 
of I' and 8 
f i e l d  behind t h e  bow shock. 
densi ty  and temperature f i e l d s  are becoming avai lable  f o r  cer ta in  types 
of simple bodies, (13) these methods a re ,  i n  general, long and expensive, 
Ih i s  
requires  a knowledge of t h e  complete densi ty  and temperature 
While methods f o r  calculat ing inv isc id  
and it w a s  f e l t  t h a t  such "exact" calculations would add l i t t l e  t o  t h e  
accuracy of t h e  f i n a l  r e s u l t s  desired here .  
approximate procedure w a s  applied.  The shock layer  was assumed invisc id .  
The shock envelope w a s  assuxed spherical  bu tno t  concentric with t h e  body 
( c f .  Fig.  6), and a correlat ion suggested by Se i f f (14)  was used t o  
Instead the  following 
. 
b 
c a l c u l a t e . t h e  shock standoff distance.  Shadowgraphs obtained during 
t h e  t e s t s  proved t h e  l a t t e r  two assumptions qui te  adequate. A t y p i c a l  
shadowgraph i s  shown i n  Fig.  6 .  
If the  nitrogen shock tab les  of Ahtye and Peng (''I a re  combined 
(16) with the  t ab le s  of species d is t r ibu t ion  found i n  Treanor and Logan, 
t h e  temperature, ders i ty ,  species d i s t r ibu t ion  and, hence, rad ia t ion  
pe r  un i t  volume can be calculated f o r  t h e  gas immediately behind t h e  bow 
- 9  - 
shock as a funct ion of 8 .  Furt’ner, assuming i sen t ropic  flow f o r  t h e  
dividing streamline and calculating the  pressure d is t r ibu t ions  by the 
method of Kaattari 
t o  the  body t o  be calculated as a function of 8 .  Then Ih(0) i s  taken 
as t h e  mean of t he  values calculated a t  8 behind t h e  shock and a t  
permits the  rad ia t ion  from t h e  f l u i d  adjacent 
(17) 
t h e  body. Since t h e  var ia t ion  of rad ia t ion  per unit  volume between 
t h e  shock and the  body a t  any given 8 
such a l i nea r  approximation wouid seem reasonable. 
was never more than 20 percent, . 
The var ia t ion  of 
b Ih with 0 can be measured by the experimental technique described 
by Givens, e t  a l .  (18) 
The above calculat ion procedure was followed a t  each band head 
u n t i l  a complete spectrL- w a s  obtained over t he  range of wavelength 
covered by the  experiment. 
Osc i l la tor  Strengths 
The v ibra t iona l  or band osc i l l a to r  s t rength f v t V l i  may be wr i t ten  
i n  terms of t he  e lec t ronic  osc i l l a to r  s t rength  (10) f 
f v t v l f  = fqvtvll 
(19) or t h e  electronic  t r a n s i t i o n  moment Re 
where 
f ac to r ,  R, i s  the  Rydberg constant f o r  i n f i n i t e  mass, e i s  the  charge 
of t h e  electron,and a. i s  the  radius of the  first Bohr o r b i t .  Further, 
f and R, 
upon internuclear  separation. This dependence i s  usua l ly  expressed by 
an experimentally determined var ia t ion  of Re with t h e  r-centroid (F) 
qvtv1l i s  t h e  square of t h e  overlap i n t e g r a l  or Franck-Condon 
may be functions of wavelength bgcause of t h e i r  dependence 
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where qv; and I ) ~ I I  a r e  t h e  vibrat ional  wave functions of t he  v' and v" 
levels ,  respectively,  and r i s  the  internuclear  separation. 
I n  order t o  ex t rac t  meaningful values of f or Re, it i s  necessary 
(20) has t o  have accurate values of t he  Franck-Condon f ac to r s .  Nicholls 
+ calculated Franck-Condon f ac to r s  f o r  t he  N2(2+) and Nz(l-1 systems, 
assuming a Morse poten t ia l .  For the N2(2+) system t h e  q v t v i f  seem 
sa t i s fac tory .  On t h e  other hand, f o r  t he  N 2 ( 1 - )  system t h e  qvtvu 
calculated using a Morse poten t ia l  a r e  suspect considering the  anoma- 
+ 
. lous shape of t he  poten t ia l  curve of t he  B state of the  N: mole- 
cule.*(21) For t h e  present work f f o r  t k e  N;(l-) system w a s  calcu- 
l a t e d  using the  experimental values of fv  tvll  
normalized by his value of 
(22) reported by Nicholls, 
f v t v f i  a t  t he  0-0 band and using Nicholls '  
Franck-Condon only a t  the 0-0 band. This procedure r e t a ins  
Nicholls '  experimentally determined var ia t ion  of f with wavelength 
f o r  N=(l-) without re l iance on the less accurate values of q v t v i r -  
RFSULTS 
The e lec t ronic  o s c i l l a t o r  strengths a t  t h e  Ai = 0 bands of both 
systems were obtained by f i t t i n g  the calculated spectra  t o  t h e  experi-  
mental spectra  by matching t h e  areas under t h e  rad ia t ion  per unit  wave- 
length versus wavelength curves; tha t  is, 
*I a m  indebted t o  lb'liss 31. W i l l i a m s  for  bringing t h i s  t o  my a t t en t ion .  
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P 
where Wh i s  t h e  absolute experimental i n t ens i ty .  This procedure 
leads t o  an unambiguous evaluation of the  f-numbers a t  aV = 0 as t h e  
aV = 0 bands of t he  two sys t em a r e  not overlapping t o  any appreciable 
ex ten t .  Further, f o r  t he  N2(2+)  system, an experimental va r i a t ion  of 
f with wavelength w a s  determined by s imi la r ly  f i t t i n g  t h e  remaining 
bands. Figure 7 shows t h e  comparison of the  calculated spectra  with 
t h e  experimental spectra  and it i s  seen t h a t  t h e  agreement i s  qui te  
good throughout t h e  spec t r a l  range covered. 
A basic assumption i n  the  theore t ica l  calculat ions used here i s  
t h a t  t h e  gas i n  t he  shock layer i s  i n  complete thermo-chemical equi- 
(23) l ibrium. 
and b a l l i s t i c  ranges(3) that under ce r t a in  circumstances the  rad ia t ion  
It has been found i n  previous s tudies  both i n  shock tubes 
observed may be considerably enhanced by rad ia t ion  from the  nonequilib- 
r i u m  relaxat ion zone behind t h e  shock f r o n t .  The p o s s i b i l i t y  of an 
appreciable nonequilibrium contribution w a s  invest igated by varying 
t h e  ambient densi ty .  I n  t h e  reduction procedure used here, t h e  non- 
equilibrium radia t ion  would show up as an erroneously la rge  f number, 
t h e  value of which should approach the  correct  
s i t y  i s  increased. Such var ia t ion of apparent f number with aens i ty  
f number as the  den- 
w a s  discovered and i s  shown in  Fig.  8, where the  apparent f number 
i s  p lo t ted  as a function of the calculated equilibrium dens i ty  immediately 
behind the  bow shock a t  8 = 0.  It i s  seen t h a t  t h e  f number of both 
systems leve ls  off t o  a constant value a t  dens i t ies  grea te r  than about 
0.9 amagat, indicat ing that t h e  assumption of equilibrium i s  v a l i d  
only a t  the grea te r  dens i t ies .  
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The f numbers a t  t he  CN = 0 band determined i n  t h i s  marmer 
+ a r e  f = 0 . 0 3 3  tG.01 f o r  t he  N2(1-) system and f = O . O > 7 + 0 . 0 1  
f o r  t h e  I!i2(2+) system. 
uncer ta in t ies  i n  ca l ib ra t ion  and i n  the  various f lov - f i e ld  approximations. 
The limits of e r ro r  a r e  estimated from t h e  
Table I compares t h e  f nKmbers i n  t,he present work with those 
The Bennett and Dalby r e s u l t  has been reported i n  the  l i t e r a t u r e .  
scaled t o  the  0-0 band as i n  reference (22) s o  as t o  allow d i r e c t  com- 
parison with the  present work. 
i n  qu i t e  reasonable agreement w i t h  those 6f other workers desp i te  con- 
s iderable  var ia t ions  i n  experimental techniqxe. 
b e t t e r  than it appears s ince the  shock-tube r e s u l t s  have been reported 
as upper limits (19) and any possible systematic , e r r o r  i n  t h e  e lec t ron  
beam experiment due t o  cascading ef fec ts  would cause t h e  
reported by Bennett and Dalby t o  be low. 
The measured va r i a t ion  of the square of t h e  t r a n s i t i o n  moment with 
N2(2+) i s  shown e x p l i c i t l y  i n  F ig .  9 .  
The r e s u l t s  given here a r e  seen t o  be 
This agreement i s  even 
f number 
t.. 
t h e  r -centroid f o r  
ment with the  va r i a t ion  given by Nicholls 
The agree- 
i s  good. The points  of 
(22) 
t h e  other  workers are taken d i r ec t ly  from the  a r t i c l e  of Keck, e t  a l .  (19) 
and t h e  r-centroids a r e  from Wallace and Nicholls. (24) 
CONCLUDING REMARKS 
Tne technique of observing the rad ia t ing  gas cap of a hypersonic 
p r o j e c t i l e  with a t ime-of-fl ight scanning spectrometer has been shown 
t o  y i e l d  quant i ta t ive  molecular spectra consis tent  with previous r e s u l t s  
which were obtained with more conventiozzl methods. The advantages of 
' t h e  method used here are very high signal-to-noise r a t i o ,  r e l a t i v e l y  
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t . 
good resolution, and a continuously recorded spectrum.* The main 
disadvantage l i e s  i n  the  lack of complete knowledge of t h e  source of 
radiat ion,  t h a t  is, t h e  h-ersonic shock layer .  As t k A e  goes on, 
undoubtedly our howledge of tk d e t z i l s  of t he  flow f i e l d  v i t h i n  t h e  
reported here.  
I should l i k e  t o  acknorfeae  the  contributions of Nessrs. W i l l i a m  
A .  Page, Roger A .  Craig, and William C .  Davy, who par t ic ipa ted  i n  t h e  
i n i t i a l  Zesigri and ca l ibra t ion  of t he  scanning spectrometer; Henry T .  
Woodward ar,d John Paterson, who ass i s ted  i n  the  programming; and Warren 
Norman, who operated the  b a l l i s t i c  range. 
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Investigation System f Excitation Technique 
Bennett and Dalby N2+(1-) 0.0438 20.002 Electron beam 
Allen, et al. 
Keck, et al. 
Present work 
N2(2+)  0.0425 kO.003 
N, (1-) 0.09 '.0.03* Shock tube 
N,( 2 4  0.~07 20 .o? Shock tube 
N~ (1-) 0.033 20.01 Hnersonic 
+ 
+ 
~ ~ ( 2 + )  0.037 k0.01 
projectile 
*It has been observed (26) that 3 value of f = 0.06 would be a better 
fit to data presented in Ref. (1). 
t *. 









